Ongoing, spontaneous pain is characteristic of inflammatory joint pain and reduces an 2 individual's quality of life. To understand the neural basis of inflammatory joint pain, we made a 3 unilateral knee injection of complete Freund's adjuvant (CFA) in mice, which reduced their natural 4 digging behavior. We hypothesized that sensitization of knee-innervating dorsal root ganglion 5 (DRG) neurons underlies this altered behavior. To test this hypothesis, we performed 6 electrophysiological recordings on retrograde labelled knee-innervating primary DRG neuron 7 cultures and measured their responses to a number of electrical and chemical stimuli. We found 8 that 24-hours after CFA-induced knee inflammation, knee neurons show a decreased action 9 potential generation threshold, as well as increased GABA and capsaicin sensitivity, but have 10 unaltered acid sensitivity. The inflammation-induced sensitization of knee neurons persisted for 11 24-hours in culture, but was not observed after 48-hours in culture. Through 12 immunohistochemistry, we showed that the increased knee neuron capsaicin sensitivity correlated 13 with enhanced expression of the capsaicin receptor, transient receptor potential vanilloid 1 14 (TRPV1) in knee-innervating neurons of the CFA-injected side. We also observed an increase in 15 the co-expression of TRPV1 with tropomyosin receptor kinase A (TrkA), which is the receptor for 16 nerve growth factor (NGF), suggesting that NGF partially induces the increased TRPV1 17 expression. Lastly, we found that systemic administration of the TRPV1 antagonist A-425619 18 reversed the decrease in digging behavior induced by CFA injection, further confirming the role 19 of TRPV1, expressed by knee neurons, in acute inflammatory joint pain. 20 21 3 Keywords: joint pain, inflammation, TRPV1, dorsal root ganglion neurons, digging behavior 22 mg/ml; Chondrex) intra-articularly through the patellar tendon in the left knee seven days after 89 administration of FB. Knee width was measured with Vernier's calipers before and 24-hours after 90 CFA injection. 91 92 2.3.Digging behavior paradigm 93 Digging behavior testing was carried out in a subset of mice used for electrophysiological 94 and immunohistochemistry studies. A standard 49 x 10 x 12 cm cage with a wire lid, filled with 95 Aspen midi 8/20 wood chip bedding (LBS Biotechnology) tamped down to a depth of ~ 4 cm, was 96 used as the test environment. Each mouse was tested individually using fresh bedding. Testing 97 lasted three minutes and to avoid distractions food and water were not available. All digging 98 experiments were carried out between 12:00 and 14:00 on weekdays in the presence of one male 99 and one female experimenter.
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Pain is protective, but its dysregulation has a negative impact on an individual's life, as International) on dry ice and stored at -80 °C. Embedded DRG were sectioned (12 µm) using a 154 Leica Cryostat (CM3000; Nussloch, Germany), mounted on Superfrost Plus microscope slides 155 (Thermo Fisher Scientific) and stored at -20 °C until staining. One to three sections were chosen 156 at random for analysis from each CFA-injected and contralateral side of four mice.
At least three DRG neurons from the CFA-injected side (CFA) and contralateral (Cntrl) 175 side from each animal were recorded. To try and maintain an even distribution of animals across 176 all time points at which recordings were made, the same culture was used for 4-hours, 24-hours 177 and 48-hours wherever possible, however, due to the paucity of labelled neurons and variability of 178 culture conditions, this was not possible in some cases. In total, each of the conditions contained (AP) could be evoked in response to current injections and had a resting membrane potential more 191 negative than -40 mV were analyzed. Images of neurons were captured using a 40x objective on a 192 Nikon Eclipse Ti-S microscope and a Zyla 5.5 sCMOS camera (Andor; Belfast, United Kingdom), 193 followed by pixel to µm conversion to calculate their diameter using ImageJ software. (Figure 2A ). If an AP was generated at 150 pA, the neuron was retested with current 197 injections of 0-1000 pA, in 50 pA steps. Threshold, amplitude, half peak duration (HPD), 198 afterhyperpolarization (AHP) duration and AHP amplitude ( Figure 2A) were measured using 199 Fitmaster software (HEKA) or IgorPro software (Wavemetrics) as described before (Bonin et al., 200 2013; Djouhri et al., 2001; Kim et al., 1998) . AP amplitude is defined as the peak of the AP from 201 the repolarized membrane potential; HPD is the AP width at half-amplitude, AHP was obtained 202 by fitting the decay to a single exponential function and AHP amplitude was obtained by 203 subtracting the peak voltage during AHP from the repolarized membrane potential (see Figure 2A 204 for more detail).
205
Acid sensitivity and TRP-agonist sensitivity: Solutions for determining acid sensitivity (pH 7, 206 pH 6, pH 5) and TRP-agonist sensitivity (capsaicin, cinnamaldehyde and menthol) were applied 207 in a random order through a gravity-driven 12 barrel perfusion system (Dittert et al., 2006) to DRG 208 neurons in 5 s pulses with at least 30 s wash period (with pH 7.4) between stimuli. Solutions of 10 209 µM capsaicin (1 mM stock in 100% ethanol; Sigma-Aldrich), 100 µM cinnamaldehyde (10 mM 210 stock in 100% ethanol; Merck) and 100 µM menthol (20 mM stock in 100% ethanol; Alfa Aesar) 211 were made up in pH 7.4 extracellular solution from their respective stock solutions. Control 212 experiments (n = 3) with ethanol did not evoke any currents from neurons. Current amplitude was 213 measured in Fitmaster (HEKA) by subtracting the maximum peak response from the baseline 214 (average of the first 3 s before stimulation), which was then normalized by dividing by neuron 215 capacitance to give current density.
216
GABA sensitivity: 100 µM GABA (100 mM stock in water; Sigma-Aldrich) was applied for 5 s 217 followed by a 20 s wash with pH 7.4, then 100 µM GABA and 250 µM bicuculline (100 mM in 218 DMSO; Sigma-Aldrich) were applied together for 5 s. Recovery from bicuculline block was 219 assessed after 1 min by a subsequent 100 µM GABA application for 5 s. To test for the presence 220 of the GABAA-d subunit, 100 µM of the d agonist 4,5,6,7-tetrahydroisoxazolo[5,4-c]pyridin-3-ol 221 hydrochloride (THIP, 100 mM stock in distilled water; Sigma-Aldrich) was applied for 5 s. Injection of CFA into the knee joint produces acute and chronic inflammatory pain in mice 244 that models human arthritis (Gauldie et al., 2004) . To produce acute inflammation, 7-days after 245 labelling knee-innervating neurons by FB injection, CFA was injected into the left knee joint of 246 mice (timeline in Figure 1A ). After 24-hours, we observed robust swelling indicative of edema 247 and inflammation of the ipsilateral knee (pre-CFA, 3.8 ± 0.07 mm vs. post-CFA, 4.6 ± 0.06 mm, 248 t(16) = 22.2, p < 0.0001, n = 17, paired t-test), but not the contralateral knee (pre-CFA, 3.7 ± 0.07 249 mm vs. post-CFA, 3.7 ± 0.06 mm, n =17, t(16) = 0.0, p > 0.9, paired t-test, Figure 1B , 1C); a pilot 250 study found that FB injection alone induced no change in knee width (n = 6, pre-FB, 3.9 ± 0.05 251 mm, post-FB, 4.0 ± 0.05 mm, t(5) = 0.89, p = 0.4, paired t-test) 252 Spontaneous pain is one of the most distressing features of arthritic conditions that reduces 253 the overall feeling of well-being (Hawker et al., 2008; Treharne et al., 2005) and it has been 254 suggested that burrowing and digging behaviors function as indicators of well-being in mice, such 255 that a reduction in burrowing behavior during inflammatory pain indicates diminished well-being 256 (Deacon, 2006; Jirkof, 2014) . Based on this hypothesis, we measured digging behavior in a subset 257 of mice (n = 7, timeline Figure 1A , see Video, Supplementary Digital Content 1, which 258 demonstrates post-FB and post-CFA digging behavior of a mouse). During a 3-minute test period, 259 neither the time spent digging (pre-FB, 45.8 ± 5.9 s vs. post-FB, 39.8 ± 4.7 s, F(1.8,11.3) = 9.8, t 260 (6) = 1.1, ANOVA, Holm-Sidak's multiple comparison test, Figure 1D ), nor the number of 261 burrows dug (pre-FB, 3.8 ± 0.3 vs. post FB, 3.7 ± 0.2, F(1.7,10.4) = 21.8, t (6) = 0.5, ANOVA,
262
Holm-Sidak's multiple comparison test, Figure 1E ) was altered following FB injection. However, 263 s, F(1.8,11.3) = 9.8, t (6) = 3.9, p = 0.003, ANOVA, Holm-Sidak's multiple comparison test, Figure   265 1D) and a decreased number of burrows dug (pre-CFA, 4.3 ± 0.2 vs. post-CFA, 2.1 ± 0.3, 266 F(1.7,10.4) = 21.8, t (6)= 6.3, p = 0.0003, ANOVA, Holm-Sidak's multiple comparison test, Figure   267 1E), suggesting a significant impact to well-being, elicited by joint inflammation. Comparison of 268 post-FB and post-CFA time points also showed that CFA-injection produced a reduction in the 
3.2.Action potential threshold of knee neurons decreases after intra-articular CFA injection. 281
To determine if altered sensory input may underlie the inflammation-induced decrease in 282 digging behavior observed, we characterized the electrical properties of knee-innervating DRG 283 neurons isolated from mice undergoing unilateral CFA knee injection as above (CFA neurons); 284 DRG neurons innervating the contralateral knee were used as control (Cntrl neurons). In vivo 285 recordings from rat joint afferents have shown increased excitability during inflammation (Grubb 286 et al., 1991) . Therefore, we hypothesized that AP threshold would decrease in mouse knee neurons 287 following CFA-injection. 288 We recorded electrically-evoked APs from CFA neurons ( Figure 2A ) (CFA, n = 25) and 289 Cntrl neurons (n = 27) with similar diameters (t(50) = 0.47, p = 0.6, Figure 2B , Table 1 ) after 4-290 hours in culture. The AP threshold of CFA neurons was ~ 30 % lower compared to Cntrl neurons 291 (t(50) = 2.52, p = 0.01, unpaired t-test) ( Figure 2C , Table 1 ), suggesting hyperexcitability and 292 sensitization of these neurons. By contrast, there was no change in the HPD (t(50) = 1.2, p = 0.3, 293 unpaired t-test, Figure 2D ), AHP amplitude (t(50) = 1.9, p = 0.06, Figure 2F ) or amplitude (t(50) 294 = 0.3, p = 0.7, unpaired t-test, Table 1 ) of the electrically-evoked APs following inflammation, 295 whilst the AHP increased (t(50) = 2.7, p = 0.009, unpaired t-test, Figure 2E ). Table 2 ). Overall, this suggests that 322 there was no significant change in acid sensitivity in articular neurons during acute inflammation. following acute inflammation, we tested 10 µM capsaicin, 100 µM cinnamaldehyde and 100 µM 335 menthol, agonists of TRPV1, TRPA1 and TRPM8 respectively.
336
The percentage of capsaicin-sensitive CFA neurons increased significantly compared to 337 Cntrl neurons (CFA, 72 % vs. Cntrl, 44 %, X 2 (1) = 4.0, p = 0.04, chi-sq test, Figure 4A ). However,
338
there was no change in the peak current density of capsaicin-evoked currents (t(28) = 1.0, p = 0.3, Table 2 ). By contrast, no change in the percentage of cinnamaldehyde-sensitive 340 (CFA, 40 %, Cntrl, 67 %, X 2 (1) = 3.7, p = 0.06; chi-sq test, Figure 4B ) or menthol-sensitive 341 neurons (CFA, 35 %, Cntrl, 51 %, X 2 (1) = 1.3, p = 0.2, chi-sq test, Figure 4C ) was observed, nor 342 was there any difference in the peak current density of either cinnamaldehyde-or menthol-evoked 343 currents following inflammation (Table 2 , cinnamaldehyde, t(26) = 0.6, p = 0.5; menthol, t(21) = 344 0.2, p = 0.9, unpaired t-test). An increased proportion of knee DRG neurons responding to 345 capsaicin in inflammation suggests recruitment of a previously capsaicin "silent" population 346 ( Figure 4D ).
347
To confirm that an increase in the proportion of capsaicin sensitive knee neurons is due to 348 increased TRPV1 expression in knee neurons, we conducted immunohistochemistry on whole 3.5.Sustained GABAA-evoked current magnitude increases in knee neurons following 376 inflammation. 377 An inflammation-induced increase in amplitude of GABA-evoked currents has been 378 reported in skin-labeled rat DRG neurons, suggesting that altered GABAergic signaling may be 379 important in inflammatory pain (Zhu et al., 2012) . Two types of GABA response were observed.
380
In the first, the current reached a peak within 1.5 s of GABA application and was classified as TS type currents (CFA, 6.7 ± 2.4 pA/pF, n =12 vs. Cntrl, 6.5 ± 1.9, n = 12, t(22) = 0.05, p = 0.9, 395 unpaired t-test) (Figure 5Biii ).
396
Due to inflammation producing an increase in the magnitude of S type GABA-evoked 397 currents, we investigated the subunit composition of these GABA receptors. The GABAA (Figure 5Ci , Cii).
406
The peak current density of THIP-evoked currents was similar (t(8) = 0.18, p = 0.9, unpaired t- Figure 2C ) and 24-hours (t(45) = 3.3, p = 0.002, unpaired t-test, inflammation) was similar to that at 4-hours ( Figure 3A) . Although a largely reversible increase in 452 pH 7-(CFA and Cntrl) and pH 5-evoked (Cntrl) current amplitude was observed at 24-hours (pH 453 7: CFA, F(2,50) = 5.7, p = 0.005; Cntrl, F(2,52) = 9.3, p = 0.0003; pH 6: CFA, F(2,65) = 2.8, p = 454 0.06; Cntrl, F(2,60) = 2.6, p = 0.08; and pH 5: CFA, F(2,57) = 2.8, p = 0.06; Cntrl, F(2,54) = 5.2, 455 p = 0.008, ANOVA) ( points, although this decrease was only significant in Cntrl neurons (cinnamaldehyde, X 2 (1) = 465 11.9, p = 0.0006; menthol, X 2 (1) = 7.8, p = 0.005, chi-sq test) (see No significant difference in the peak current density of TRP agonist-evoked currents was observed 468 across time-in-culture (Table 2) .
469
When GABA-evoked currents were split into TS and S types, no changes in the peak 470 current density were observed between CFA and Cntrl after 24-hours or 48-hours in culture.
471
However, combining both TS and S currents, CFA neurons had larger amplitude GABA-evoked 472 currents than Cntrl neurons after 24-hours in culture (t(39) = 2.5, p = 0.01, unpaired t-test, Table   473 2); an effect that was not seen in the 48-hours group (t(32) = 1.2, p = 0.2, unpaired t-test, Table 2 ).
474
Previously, it has been shown in cultured rat DRG neurons that the proportion of S type GABA- Following CFA/saline injection, the CFA group showed an expected decrease in digging duration 490 (17.4 ± 5.2 s, F(1.8,16.6) = 10.1, t(9) = 3.6, p = 0.001, repeated measures ANOVA, Holm-Sidak 491 multiple comparison test, Figure 6B ), which was reversed 30 min after the injection of A-425619 492 (36.4 ± 7.0 s, F(1.8,16.6) = 10.1, t(9) = 3.9, p = 0.001, ANOVA, Holm-Sidak multiple comparison 493 test, Figure 6B ). A similar result was also obtained with the number of burrows (post-CFA, 2.1 ± 494 0.3, F(1.9,17.9) = 18.9, t(9) = 5.0; post-Ant, 4.0 ± 0.2, F(1.9,17.9) = 18.9, t(9) = 5.0, p < 0.0001, 495 repeated measures ANOVA, Holm-Sidak multiple comparison test, Figure 6C ). In contrast, the 496 saline group did not show a decrease in digging behavior 24-hours after saline injection into the 497 knee (Digging duration, 33.1 ± 5.3 s, F(1.5,9.0) = 0.6, t(6) = 0.1, p = 0.5; # Burrows, 3.7 ± 0.5, 498 F(1.7,10.0) = 0.3, t(6) = 0.6, p = 0.7, repeated measures ANOVA, Holm-Sidak multiple 499 comparison test, Figure 6D , 6E), further confirming that intra-articular injections do not affect 500 digging behavior. The TRPV1 antagonist A-425619 also produced no effect on digging behavior 501 in the saline group (Digging duration, 25.9 ± 6.3 s, F(1.5,9.0) = 0.6, t(6) = 0.8, p = 0.5; # Burrows, induced knee inflammation in rats (Rutten et al., 2014) and digging is a similar innate behavior 521 that is quick and easy to test in a laboratory (Deacon, 2006) . Here we show that 24-hours after 522 CFA-induced knee inflammation, mice spent significantly decreased time digging, suggesting that 523 digging can be used as an ethologically relevant pain assay in mice; importantly, intra-articular 524 injection of the retrograde tracer FB did not alter digging behavior.
525
To study the neural basis for the inflammation-induced change in behavior observed, we 526 combined electrophysiology with retrograde labelling of the knee joints, i.e. those neurons exposed 527 to the inflammatory insult. We found that knee neurons have a decreased AP threshold and with previous findings in rodents (Cho and Valtschanoff, 2008) . Following that, we were able to 558 reverse the inflammation-induced reduction in digging behavior in mice by systemic 559 administration of the TRPV1 antagonist, A-425619, which suggests that the increased TRPV1 The authors declare no conflict of interest regarding information in the present report. 
